Isozyme characters, exclusive of allozymes (alleles), are potentially useful in phylogenetic investigations. Such data have been derived from the multilocus L-lactate dehydrogenase (LDH) enzyme system. Among non-avian reptiles, the classes of potential characters include (1) and number of loci encoding LDH, (2) heterotramer patterns, (3) tissue-specific patterns of gene expression, (4) tissue-specific posttranslational modification and (5) reversed relative mobility of the skeletal muscle (Ldh-A) and heart-predominating (Ldh-B) loci. The first three potential characters show variation among the species. However, because of the limited number of alternative states, and evolutionary pathways that variants can follow, it appears that such data will have limited applicability in phylogenetic investigations.
Introduction
Isozyme characters have been gaining use in phylogenetic investigations for a number of reasons, including providing alternative data sets -alternatives easily gathered along side more traditional allozyme data (Buth, 1984) . Perhaps the best studied isozyme system is that of L-lactate dehydrogenase (LDH; E.C. 1.1.1.27), which catalyzes the interconversion of pyruvate to lactate. LDH is a tetramer, each enzyme being composed of four subunits, and is under the control of multiple codominant genes whose homologies among vertebrates are well established (Fisher et al., 1980; Shaklee et al., 1973; Markert et al., 1975; Whitt et al., 1975; Markert, 1983) . Moreover, this enzyme is very stable even under abusive storage conditions. Consequently, it has become a model enzyme system for evolutionary studies. Among vertebrates, the LDH isozyme system has been extensively applied in systematic investigations (Coppes de Achaval, 1984; Fisher et al., 1980) , perhaps more so than any other enzyme system. Virtually every zoological enzymatic investigation of phylogenetic relationships and population genetics includes data for the loci encoding LDH.
Quite apart from allelic and locus homology data, the characteristics of the isozyme patterns observed following electrophoresis may also be of great significance (Buth, 1984) . Because LDH is a tetrameric enzyme, five isozymes are expected from the contributions of sub-units produced by the two loci found in all vertebrates (Whitt, 1970a,b; Markert, 1983; Murphy and Crabtree, 1985a) : Ldh-A usually predominates in skeletal muscle, and Ldh-B-typically predominates in heart (locus and isozyme nomenclature follows Murphy et al. 1996) . In diploid reptiles, five isozymes are typically observed following electrophoresis and histochemical staining in tissues where both subunits are produced: AAAA, AAAB, AABB, ABBB, and BBBB. Excluding the heterozygous condition, sometimes six isozymes can be observed (e.g. Murphy and Matson, 1986) (1) as a result of the middle, symmetrical heterotetramer band appearing as two, possibly as a consequence of splitting isomers having the sequence of AABB and ABAB (or ABBA and BAAB?), (2) because one gene has been duplicated (Fisher et al., 1980) , or (3) as a result of a post-transitional modification (see Murphy et al., 1996 for a review of the phenomenon). Relative to the first possibility, the mechanism for such an occurrence is unknown, but different combinations of subunits may result in either isomers of a different shape, or slightly different charges.
The evolution of LDH isozyme patterns have been most extensively studied in fishes. In advanced teleost fishes, generally there appears to be an orderly, progressive reduction in number of observed LDH isozyme bands, and these trends apparently parallel genealogy (Toledo and Ribeiro, 1978; Buth et al., 1980; Coppes de Achaval, 1984) . In most basal teleost fishes, all five isozymes are observed. More terminal teleosts usually express three isozymes, the A B and A B asymmetrical heterotetrametric isozymes not being observed, although in some fishes a four-banded pattern is observed (Markert and Faulhaber, 1965) . Finally, in the most advanced condition, only the A and B homotetramers are observed. Apparently, in teleost fishes these changes occur with little parallel advancement among the monophyletic lineages (Coppes de Achaval, 1984) . Markert and Faulhaber (1965) , Whitt (1970b) and Toledo and Ribeiro (1978) , among others, have proposed that divergence (specialization) of the locus products was responsible for the incompatibility of the subunits. However, as reviewed by Murphy (1988) , a number of other variables could also account for the absence of specific heteropolymers including (1) different cellular composition of tissues, (2) electrophoretic techniques giving only gross measures of relative enzyme activity, (3) differences in tissue preparation resulting in differential concentration of gene products, (4) lab reagents containing trace amounts of impurities in turn acting as substrates of enzymes other than LDH, (5) variable amounts of homogenate applied to a gel, and/or (6) the length and conditions of tissue (extract) storage.
Apart from heteropolymer patterns, additional characters may also be obtained from LDH isozyme data, including the number of loci encoding the enzyme system, the distribution of expression of the encoding loci among specific tissues, tissuespecific post-translation modification, and the ability to form intralocus hetero-polymers in the heterozygotic state (Buth, 1984; Murphy and Crabtree, 1985a) . Many of these characters have been included in phylogenetic investigations of fishes (e.g. Ferris and Whitt, 1978; Whitt, 1981) , but only rarely considered in other vertebrate classes, including reptiles (e.g. Sites et al., 1986; Murphy, 1988) .
Herein I review LDH isozyme expression in reptiles, and interpret the observations in terms of phylogenetic trends. Data appearing elsewhere in this journal issue for the first time generally have not been incorporated into my analysis; these data are analyzed by the respective authors.
Number of loci encoding LDH in reptiles
The number of loci encoding LDH in diploid, non-avian reptiles, two, is essentially invariant, including the tuatara, Sphenodon punctatus (Murphy and Matson, 1986) , crocodilians (Dessauer and Densmore, 1983) , turtles (Sites et al., 1997) , lizards (Dessauer and Cole, 1984) and snakes (Murphy and Crabtree, 1985a; Werman, 1997) . The number of loci encoding LDH in snakes remains somewhat problematic because of two reports of three loci encoding for LDH in some snakes. Although Schwantes (1973) suggested that perhaps as many as three LDH loci were present in some viperid snakes of the genus Bothrops, this conclusion was considered unlikely by Murphy and Crabtree (1985a) ; they noted that gel interpretation problems could account for the conclusions. In support of the Murphy and Crabtree's analysis, Werman (1997) found only two loci encoding LDH in the species of Bothrops surveyed in his investigation; significantly, his study included some of the same species and tissues examined by Schwantes (1973) , including tissues where both loci were expressed.
More recently, Lawson (1985) reported three loci encoding LDH in thamnophine snake. His data showed unique allelic combinations at each of the three loci. Lawson (1987, personal communication) showed that the product of the third locus was the most rapidly migrating under electrophoretic conditions. Along with Ldh-A and Ldh-B, enzyme activity at the third locus was suppressed upon adding pyruvic acid to the stain mixture, a method of suppressing LDH activity (Murphy et al., 1996) . Although Lawson and Dessauer (1979) did not report the presence of the third locus in their study of ¹hamnophis elegans, ¹. couchii, and ¹. ordinoides, Lawson's investigation strongly suggests the presence of a third LDH locus which would serve as a synapomorphy uniting all thamnophine snakes. It is surprising that the third locus did not form heteropolymers with either Ldh-A or Ldh-B. Because immunological studies have not been carried out, it is not known if the A or B locus has been duplicated, or if an ancestral third locus has once again been turned on. Further study is warranted.
LDH heterotetramer patterns
Within reptiles, five-, four-, three-, and two-banded interlocus LDH isozyme patterns have been observed from various species in tissues where both loci are expressed. a seemingly surprising degree of homogeneity. The A and B subunits only appear to generally associate randomly, in that all five isozymes are observed, in the Iguania, Sphaerodactylinae, Teiidae, Colubrinae and in the Natricinae (Table 1) . Consistent non-random patterns were observed in the Gekkoninae, Scincidae, Lacertidae, Xenodontinae, and Elapinae. Although turtles appear to express a three-banded pattern only, see Sites et al. (1997) for the occurrence of variability. Among these higher taxa only three groups have been thoroughly studied, the rhynchocephalians (Sphenodon punctatus; Murphy and Matson, 1986) , the xantusiids (Sites et al., 1986) and the testudinid tortoise genus Gopherus (Morafka, Murphy and Aguirre, unpublished data). The phylogenetic interpretation of these patterns appears to be far more complex, and thus more problematic, in reptiles than in fishes for a number of reasons. First, the extent of observed variation must be taken into consideration. Within individuals, both three-and four-banded LDH patterns have been resolved in different tissues for prairie rattle-snakes, Crotalus viridis viridis (Murphy and Crabtree, 1985a) , under identical electrophoretic conditions, suggesting either tissue-specific regulatory gene control of particular isozymes, which has been reported for mammals elsewhere (Shows and Ruddle, 1968; Khlebodarova et al., 1978; Khlebodarova and Serov, 1980; Stolc and Gill, 1983) , or the effects of differing cellular compositions. Moreover, although apparently uncommon, the number of interlocus isozymes resolved may be affected by electrophoretic conditions; three-and four-banded isozyme patterns were resolved from the same tissue from individual prairie rattlesnakes using different buffer combinations (Murphy and Crabtree, 1985a) suggesting that isozyme stability (activity?) is affected by electrophoretic conditions. Similarly, in the tuatara, four-, five-and six-banded isozyme patterns were resolved upon varying electrophoretic conditions (Murphy and Matson, 1986) , the six-banded pattern most likely resulting from the splitting of symmetrical heterotetramer isomers. Thus, LDH isozymes from various tissues and taxa will likely respond in unique way to different electrophoretic conditions necessitating a cautious application of these data of inter-taxa comparisons. In order to control for this variation, only the prediction maximum number of isozymes (5) observed for any species is used herein for comparative purposes.
The transformation series of LDH isozyme patterns in reptiles frequently appear to be different than that observed in most fishes (Murphy, 1988) . Three-and two-banded patterns apparently progress in most reptile families from the five-banded state through a four-banded state unlike from the five-banded state directly to threebanded states in most fishes (Murphy, 1988) . The four-banded pattern in reptiles consists of the loss of either the A B or A B asymmetrical heterotetramer and rarely the A B symmetrical heterotetramer (Table 1) . Among reptiles, only a few phylogenetic trends can be extracted from the LDH heterotetramer isozyme data as summarized in Table 1 . In many families of reptiles, only a single LDH pattern has been reported. This likely results from, at least in part, only a few species being surveyed in each family. In reptiles, a four-banded pattern resulting from the loss of the A B asymmetrical heterotetramer appears to be restricted to lizards. Indeed, Sites et al. (1986) suggested that this infrequently observed four-banded pattern may be a synapomorphy for xantusiids and scincids. There would be seemingly strong support for this hypothesis except that this isozyme pattern has also been observed recently in the eublepharid gecko Coleonyx switaki (Table 1) . This pattern may be highly conserved and generally restricted to the xantusiids and scincids but additional taxa must be examined before meaningful conclusions can be drawn.
Aside from the four-banded pattern that is apparently restricted to some lizards, loss of the A B isozyme, only amphisbaenians appear to have ''unusual'' LDH isozyme patterns. In the taxa examined, the three-banded patterns consists of both homotetramers and one or both of the asymmetrical heterotetramers (Table 1) . Such patterns could result from specific types of cells within a particular tissue producing different, specific isozymes, especially because these patterns were observed from mixed tissue preparations. Notwithstanding, these patterns could be phylogenetically informative regardless of the causative nature of the expression. Once additional amphisbaenid taxa have been examined it will be possible to speculate on the evolutionary trends.
The isozyme patterns observed within the Gekkonidae may contain phylogenetic information. The two surveyed sphaerodactylines express the primitive five-banded condition whereas the few examined gekkonines have the derived four-banded condition. Absence of the A B asymmetrical heterotetramer would not serve as a definition of the Gekkoninae, but may serve to elucidate relationships within the subfamily.
Thus, although it has been suggested that LDH patterns may serve as biochemical definitions of specific reptilian families, for example lacertids (Gorman, 1971) and scincids (Murphy, 1984) , it does not appear that this direction of investigation will be fruitful in the future. Perhaps only in amphisbaenids can LDH patterns serve as a familial definition. Intrafamilial variation occurs within the family Lacertidae (¸acerta derjugini, Table 1 ). Nevertheless, LDH interlocus heterotetramer patterns may be phylogenetically informative and useful in taxonomic decisions at lower taxonomic levels.
The tissue-specific heterotetramer isozyme patterns observed in rattlesnakes, as noted above, likely contain phylogenetic information if these patterns result from regulatory gene activity. Observations on regulatory gene control provide a basis for proposing that species-specific patterns of LDH gene expression result from mutations at such regulatory genes (Kettler and Whitt, 1986) . Thus, the tissue-specific activity of regulatory genes may indeed reflect genealogy and further investigation is therefore highly desirable.
Tissue-specific patterns
Compared to other enzyme systems, there is relatively little variation in the distribution of LDH expression among tissues. A greater amount of variation is observed in the tissue-specific expression of Ldh-A (Table 2) than Ldh-B (Table 3) . Four of ten tissues show expression of the Ldh-A products compared to eight of ten tissues for Ldh-B in all of the nine taxa surveyed when resolved. Because of this limited Table 2 Tissue distributions for the skeletal muscle-predominating locus encoding L-lactate dehydrogenase, LDH-A, from nine taxa of reptiles n"sample size; E"eye; B"brain; G"gonad; M"skeletal muscle; H"heart; K"kidney; P"lung; L"liver; S"stomach; D"duodenum (or small intestine); 2"strong expression; 1"easily resolved; #"weak expression; 0"no expression; !"data not available. Table 3 Tissue distributions for the heat-predominating locus encoding L-lactate dehydrogenase, LDH-B, from nine taxa of reptiles Taxon n"sample size; E"eye; B"brain; G"gonad; M"skeletal muscle; H"heart; K"kidney; P"lung; L"liver; S"stomach; D"duodenum (or small intestine); 2"strong expression; 1"easily resolved; #"weak expression; 0"no expression; ! "data not available.
variation, the amount of phylogenetic information that can be derived from these data may be quite limited, but an analysis is nevertheless warranted.
Ldh-A has more potential for having phylogenetic information than Ldh-B because of the greater amount of variation. Because the tissue expression is, again, presumably controlled by regulatory genes, each specific homologous tissue should be considered as the character and activity or non-activity of the regulatory gene as the character state. If Alligator mississippiensis is used as the taxonomic outgroup (Watrous and Wheeler, 1981) , then the presence-absence states can be examined for phylogenetic content by using the remaining eight taxa as the taxonomic ingroup.
Because expression is observed in every species in skeletal muscle, kidney, lever, and eye tissues (alligator eye was not included in the survey by Dessauer and Densmore, 1983) , no phylogenetic information can be derived from these characters. Loss of Ldh-A expression in brain in the rattlesnakes Crotalus cerastes and C. scutulatus unites these two species. Autapomorphies are observed in C. viridis viridis in stomach and duodenum; no other autapomorphies are discernible. Using heart, three species of Crotalus are united with the western whiptail lizard, Cnemidophorus tigris, while, in conflict, three species of Crotalus are excluded. In order to polarize the states of the remaining characters, Sphenodon punctatus is used as a functional outgroup to the remaining reptiles. Another autopomorphy is observed in Crotalus viridis in the loss of Ldh-A expression in lung. Similarly, all of the rattlesnakes are united by the expression of Ldh-A in gonad except for C. viridis; unfortunately, gonadal expression was not surveyed in the lizard thus precluding comparisons. Overall, great conflict occurs when these isozyme data are mapped on a phylogeny derived from allozymes (Murphy and Crabtree, 1985b; unpublished data) and DNA nucleotie sequences (Murphy, Feltham and Kovac, unpublished data) . Significantly, all Ldh-A tissue distribution synapomorphies conflict with corroborated, alternative hypotheses. Thus, these data do not appear to be particularly amenable with or appropriate for phylogenetic analysis.
Ldh-B is broadly distributed, being expressed in every tissue of the nine taxa for which these kinds of data are available, except for brain in Sphenodon and brain and eye in the prairie rattlesnake (Table 3) . As noted with Ldh-A, the phylogenetic information derived from Ldh-B does not seem acceptable; one would hardly accept the hypothesis that the prairie rattlesnake shared a most recent common ancestor with the tuatara, as these data suggest.
Although there is variation in the strength of expression, these kinds of data are of limited value as well. Variation in the degree of activity among the tissues is not likely of significance because of (1) the subjective nature of the scoring, (2) uncontrolled variation in tissue dilutions, (3) variation within and between laboratories in the amount of tissue extract applied to a gel, (4) variation in inter-laboratory electrophoretic and staining methods, (5) intraspecific variation and (6) intra-individual variation among tissues. These first four problems could be overcome in the future by using more stringent methods of determining levels of activity, such as those proposed by Kettler and Whitt 1986) . The fifth variable is virtually unknown. However, in an investigation of the effect of mild starvation on enzyme expression in prairie rattlesnakes, we (Murphy, Morafka and Aguirre, unpublished data) incorporated the methods of Kettler and Whitt and observed substantial intrapopulation variation within and among our test groups. Most frequently the range of observed variability within any class (starved, fed and field-killed) exceeded the mean difference among the classes. This indicates that the relative amounts of expression may be of very limited or no value in phylogenetic investigations. Thus, one must be extremely cautious when using enzyme activity levels in studies involving field-killed animals because little may be known about the physiological state of animals not maintained under controlled conditions. Finally, significant intra-individual variation occurs among tissues (Tables 2 and 3) , and among individuals (unpublished data). In the starvation study we observed inter-individual shifts in tissues having the strongest expression of a given enzyme locus, irrespective of group association.
In summary, for phylogenetic analyses, tissue distribution patterns of gene expression appear to be random across familial lineages and within generic lineages. Thus, these data will likely not provide sound resolutions of familial relationships and may even be unproductive for lower-level studies. There are two associated problems. First, these regulatory genes may be tied too tightly to functional, energetic constraints with levels of activity being integrated with other enzyme systems. Second, there are analytical constraints resulting from the nature of the data themselves, as discussed below. Although these problems occur, tissue distribution data may have utility in the identification of taxa.
Other potential types of LDH isozyme data
Tissue-specific posttranslation modifications have not been reported for LDH isozymes in reptiles, unlike those observed for mannose-6-phosphate isomerase (MPI; Murphy and Crabtree, 1985a) . However, LDH modifications do occur in at least one ancestor to the tetrapods. In the coelacanth,¸atamaria chalumnae, I recently observed that Ldh-A in skeletal muscle had the same, more raidly migrating mobility as Ldh-B in all other tissues. The possibility exists that similar modifications also occur in reptiles but have yet to be found or reported. The MPI modification in rattlesnakes appears to be reasonably concordant with the emerging phylogenetic hypothesis based on allozyme data (Murphy et al., unpublished data) . Thus, if observed, we could expect similar modifications in LDH also to reflect phylogeny.
Reversed relative mobility of the products of Ldh-A and Ldh-B has been reported in both fishes (Markert and Faulhaber, 1965; Whitt et al., 1973 Whitt et al., , 1975 Markert et al., 1975) and amphibians (Balek et al., 1967) . Although not infrequently observed in fishes, this anomaly apparently follows phylogenetic lines and is indeed reflective of genealogy at some taxonomic levels.
Conclusion
Although very few data points are available, it appears that, exclusive of allozymes, LDH isozyme data may be of little value in resolving phylogenetic relationships at and above the taxonomic level of family: homoplastic evolution (parallelism, convergence, and reversal) of isozyme pattern data appears to be the rule, and not the exception. The number of loci appears to be the most conserved isozyme character in the LDH system, although in other enzyme systems may not be as conservative. Sites and Murphy (1991) inferred that the duplication of genes encoding the enzyme system glycerol-3-phosphate dehydrogenase (G3PDH) occurred a minimum of three times in diploid squamate reptiles. The silencing of heteropolymers may result in problematic analyses and hypotheses because of the inability to trace transformation series and the unidirectional nature of the states -any evolution most likely results in a perceived parallel reduction of isozymes (Murphy, 1988) . Because of parallel change, Sites et al. (1986) found LDH interlocus isozymes to have limited correspondence with the phylogenetic relationships of xantusiid lizards. Finally, based on this preliminary investigation, it appears as though little confidence can be placed in tissue distribution data as well, even at the generic level, again because of parallel evolution (gene silencing) in unrelated taxa.
Parallel evolution may be too rampant to allow non-allozyme isozyme data to be useful in determining genealogical relationships. This occurs simply because any evolution in non-sister lineages will necessarily, or most likely, result in the parallel derivation of derived states. For gene duplication data at any single locus, the number of loci encoding a system simply increases and thus there is a probability of 100% that two independent lineages will undergo parallel evolution if this character evolves. With heteropolymer data, one cannot polarize the direct transformation to a threebanded state without going through the four-banded state in the absence of observing the evolution itself (Murphy, 1988) . Therefore, again, the probability of parallel change in two independent lineages is 100%. Tissue distribution data suffer from the same problem -that the states of the characters are restricted to a number line and therefore have a high probability of parallel evolution.
Notwithstanding the data analysis problems, a substantial amount of variation has been observed and variation is required if taxa are to be separated and classifications constructed. Indeed, this variation provides the potential utility of these patterns in phylogenetic studies. The key to the utility of these data is simply the level to which the data are applied. All isozyme data may provide significant insights into relationships near terminal branch points within genera. Most certainly non-allozyme isozyme data will prove to be of great value in distinguishing taxa. It is obvious that little information would be gained from a study of LDH isozyme data alone because of the limited amount of obtainable information; other enzyme systems should be considered simultaneously if these forms of data are to be used in phylogenetic investigations.
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